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ABSTRACT: Producing oil and gas from increasingly more difficult reservoirs has become an 
unavoidable challenge for the petroleum industry as the conventional hydrocarbon resources are no longer 
able to maintain the production levels corresponding to the global energy demand. As the industrial 
investments in developing lower-permeability reservoirs increase and more advanced technologies such 
as horizontal drilling and hydraulic fracturing gain more attention and applicability, the need for more 
reliable means of production forecasting also become more noticeable. Production forecasting of 
hydraulically fractured wells is challenging particularly for heterogeneous reservoirs where the rock 
properties vary dramatically over short distances, significantly affecting the performance of the wells. 
Despite the recent improvements in well performance prediction, the issue of heterogeneity and its effects 
on well performance have not been thoroughly addressed by the researchers and many aspects of 
heterogeneity have yet remained unnoticed. In this paper, a novel empirical approach for production 
forecasting of multi-fractured horizontal wells is presented in attempt to effectively include the effect of 
heterogeneity. This approach is based on the integration of hyperbolic Decline Curve Analysis (DCA) and 
heterogeneity impact factor (HIF). This newly-defined ratio quantifies the heterogeneity impact on the 
hydraulically fractured well performance and is calculated based on net-pressure match interpretation and 
post-fracture well test analysis. The proposed approach of decline curve using heterogeneity impact factor 
(DCH) is validated against data from a Southern North Sea field. The results show a maximum of 15% 
difference between the outcome of the proposed method and the most detailed three-dimensional history-
matched model, for a 15-year period of production forecasts. DCH is a novel, fast, and flexible method 
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for making reliable well performance predictions for hydraulically fractured wells and can be used in 
forecasting undrilled wells and the range of possible outcomes caused by the heterogeneity. 
Keywords. Heterogeneity, Hydraulic Fracturing, well performance, forecasting, tight formation, 
empirical correlation 
INTRODUCTION  
The ever-increasing demand for sources of energy has made it inevitable for oil and gas companies to 
strive for producing the more difficult reservoirs with very low permeabilities with the aid of advanced 
technologies such as horizontal drilling and hydraulic fracturing. These technologies are aimed at 
increasing the contact of the well with the producing zone to create effective flow paths for hydrocarbons 
locked away in these low permeability reservoirs1, thus obtaining economical production rates. 
Performance prediction of the wells drilled in such reservoirs has, therefore, gained significant 
importance. 
Since the experimental investigation on the efficiency and feasibility of well production is tedious, 
expensive, and, in some cases, unsuccessful in finding reliable results, different methodologies for 
forecasting production wells have been developed and published. Based on empirical relationships of 
production rate versus time, Arps (1945)2 introduced the decline curve analysis (DCA) method which was 
later augmented by type curves by Fetkovich (1980)3. This method, which consists of the exponential, 
hyperbolic, and harmonic models, has been further improved 4,5,6,7,8,9,10 and frequently used in the industry 
for a long time. 
Several authors investigated the performance prediction of horizontal wells for different flow 
models11,12,13,14,15,16,17. Other authors modified the vertical well fracture performance models to be used for 
horizontal wells 18,19. However, since most of the homogenous and giant hydrocarbon reservoirs have 
been developed and produced over the last century, development of more heterogeneous and challenging 
oil and gas fields has become the new trend for the industry. This needs advanced approaches for 
3 
 
capturing further complexities in production forecasting which serves as the foundation for field 
development decision making 20. 
Heterogeneity has been a serious challenge for production forecasting as it dramatically affects the 
productivity of wells and jeopardizes the development plan. This problem may deteriorate the economics 
of tight reservoir development as expensive stimulations strain the benefit margins. Modelling such 
stimulations and more reliable forecasting will lead to better understanding of the project outcomes. In 
virtue of information technology (IT) advancement, some numerical models have been developed 21,22,23, 
but they are highly time consuming to use and require a great deal of inputs. 
Recently some authors have worked on forecasting the production from fractured wells. Hwang et al. 
(2013)24 introduced a method that addresses the problem of having natural fractures -which is only one 
element of heterogeneity- by considering the fractures as a combined series of slab sources and by 
superposing the sources under several boundary or flow conditions. They claimed that, to reflect the 
heterogeneous nature of natural fractures, a stochastic method of generating discrete fracture networks 
should be adopted. The challenge, therefore, lies in data gathering and modelling the natural fractures. 
These authors suggested the Fractal Discrete Fracture Network model (FDFN), which incorporates the 
various scale-dependent data such as outcrops, logs, and cores, and creates more realistic natural fracture 
networks. This FDFN model is combined with the slab source model to build fracture networks first, and 
then the flow problem in the complex fracture systems is solved 24. However, Hwang el al.’s choice of 
discarding other sources of heterogeneity to avoid further complications in forecasting leaves their work 
incapable of thoroughly addressing the effect of heterogeneity on well production performance. 
Weng (2015) 25 presented a comprehensive overview on modelling hydraulic fractures covering natural 
fracture impact and revealed the fact that precise prediction of detailed fracture geometry is still very 
challenging. He also concluded that even though many modelling approaches have been explored and 
models are developed to simulate complex fractures in the naturally fractured reservoir, most have some 
limitations, have limited focus, or lack full functionalities to simulate the entire fracturing process 25. In 
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parallel, MoradiDowlatabad and Jamiolahmady (2015) 26 developed a new equation that can predict multi-
fractured horizontal wells performance under pseudo-steady state flow conditions in tight reservoirs. Holy 
and Ozkan (2016) 27 presented a theoretically rigorous approach based on an anomalous diffusion model 
for the performance of fractured horizontal wells surrounded by a stimulated reservoir volume.  The latter 
two methods, however, have not considered the impact of heterogeneity in the form of natural fractures. 
Thus, an empirical approach can provide a primary means for screening purposes or a secondary truth-
checking controller.  
This paper introduces a methodology called DCH for considering the heterogeneity impact on well 
production forecasting based on decline curve analysis. The method is empirical and applicable to multi-
fractured horizontal wells in formations with permeabilities of less than 0.1 mD. A new parameter called 
heterogeneity impact factor (HIF) proposed by Parvizi et. al (2017) 28 is used in this approach to link the 
hydraulic fracturing and modelling with well test interpretation by quantifying the heterogeneity impact 
on hydraulic fracture performance. Successful application of the proposed DCH approach is validated 
against data from a Southern North Sea field using the most detailed three-dimensional history-matched 
reservoir simulation model. 
METHODOLOGY 
In order to forecast well production for heterogeneous reservoirs, two elements of forecasting and 
heterogeneity are established as below: 
Forecasting. Arps (1945) 2 suggested the general expressions for production rate versus time as decline 
curve analysis. This method is focusing purely on the historical production data of the well to forecast its 
future production.  Hyperbolic decline curve is one of these empirical formulas and can be calculated as: 
q(t) =  qi/(1 + b × Di × t)
1/b   Eq. 1 
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where b and Di are scaling constants and qi is the initial well production rate. The value of b is in the 
range of zero to 1. Bahadori (2012) 29 introduced a practical workflow to arrive at an appropriate 
estimation of nominal (initial) decline rate, as well as the Arp’s decline-curve exponent. Arp’s DCA 
formulation has yet to be modified for heterogeneous reservoirs in such a way that it captures the impact 
of heterogeneity and predicts the production of other wells. Therefore, the heterogeneity effect on well 
performance should first be quantified. 
Heterogeneity Impact Factor (HIF). Based on the results of well test analysis (WTA) and net 
pressure match (NPM), Parvizi et al. (2015b, 2017) 28,30 introduced a new parameter called the 
WTA/NPM ratio or heterogeneity impact factor (HIF) which is a quantitative measure of the impact of 
heterogeneity on the performance of a well. It is calculated based on the induced fracture dimensions and 
conductivity discrepancy between interpreted post-fractured well test and the observed fracturing 
performance during operation. A brief description of HIF and its calculation is provided here. A complete 
account of this parameter can be found in Ref. 28 and 30.  
In order to calculate HIF, surface conductivities, as a measure of hydraulic fracture volume times 
permeability, are defined as follows: 
SC|WTA = ∑ 2xf × hf
n
i=1 × Kf. w   Eq. 2 
SC|NPM = ∑ 2xf × hf
m
i=1
× Kf. w Eq. 3 
where SC is surface conductivity, WTA is well test analysis (post-frac well test), NPM is main fracture 
net pressure match, n is the number of hydraulic fractures that are assumed for well test match, m is the 
number of hydraulic fractures that are executed during hydraulic fracture operation, xf is hydraulic 
fracture half length, hf is hydraulic fracture height, Kf is permeability of hydraulic fracture, and w is 
fracture width. 
Then, HIF is calculated as: 
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HIF|WTA/NPM =  SC|WTA / SC|NPM   Eq. 4 
where HIF|WTA/NPM denotes WTA/NPM ratio or heterogeneity ratio. 
Once the two elements of forecasting and HIF are established, the following workflow is applied to the 
data available from a field including the well production data to obtain an empirical formula defined as 
decline curve including the effect of heterogeneity (DCH): 
a) Choose a well from the earliest development phase or an analogue field that has similar matrix 
permeability. The goal is to get the longest available historical production data for the well. 
Analogue fields should be similar to the targeted field in terms of porosity, permeability, fault 
regime, well trajectory stand-off from water contact, and other similar parameters. Such criteria 
needs to be discussed in multidisciplinary teams to highlight the nature of the different 
characterisations (if any) or development techniques and the consequences of such differences on 
the analysis outcomes. 
b) Use hyperbolic decline formula and fit a curve to the historical data to obtain qi, b, and Di factors. 
c) Calculate HIF for this well (HIF0) using equations 2, 3, and 4; HIF0=1 is ideal for DCH 
calculation. 
d) Calculate HIF for the other drilled and fractured wells or use HIF from analogue fields. 
e) Using table 1, calculate the new qmi, b, and Dmi for other wells based on calculated or assumed 
HIF values. 
f) Use the following formula to forecast new well production: 
qDCH(t) =  qmi/(1 + b × Dmi × t)
1/b  Eq. 5 
where t is time of production, qDCH(t) is flow rate considering heterogeneity impact at time t, qmi 
is the modified initial rate taking HIF into account, and Dmi is the modified decline constant 
taking HIF into account. 
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The key assumption here is that the wells are not communicating with each other. In such a case 
DCH will overestimate the well production rates. 
RESULTS AND DISCUSSION  
DCH is an approach developed by deploying a simplified heterogeneity concept for a modified 
Arp’s DCA. This empirical method is used to generate multi-fractured horizontal gas production 
profiles and is a complement to the workflows Clarkson (2013) 31 reviewed for production data 
analysis of unconventional gas wells to meet the demand for a faster approach which also 
considers the significantly complicated heterogeneity impact on well performance. 
Three key assumptions are made in the calculation of this empirical formula: 
1) Length of the horizontal well is 3000 ft. 
2) There are 3 to 5 hydraulic fractures in the well. 
3) Average matrix permeability is about 0.1 mD. 
Initially, 5 years of production data of 3 multi-fractured horizontal wells from a field in Southern 
North Sea was considered (Fig. 1). The well test data of these wells are tabulated in Table 2. 
Besides, the analysis of fracturing operation data and using net-pressure matching leads to the 
results given in Table 3. 
Using equations 2 to 4, it is possible to calculate the heterogeneity ratios for each well (see Table 
4). As it is clear in Table 4, Well 2 is considered as the reference well in the current investigation 
since the calculated HIF for this well is close to unity. Using Eq. 1, a hyperbolic decline curve is 
fitted to the gas production rate of Well 2 and extrapolated to forecast future production rates, as 
shown in Fig. 2.  DCH calculations are shown in Table 5. The area between the two graphs in 
Fig. 2 is an indicator as to the matching suitability of the DCH method. In this case, DCH 
predictions have been compared against the predictions made by Eclipse32 reservoir simulation 
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software, and there is about 4% difference between the cumulative gas production of the two 
predictors (See Table 7). This difference is mostly due to the exclusion of the well’s production 
schedule in the DCH calculation. In case of making predictions on future forecasts of the same 
production schedule, this assumption is appropriate and the collected information from DCH is 
sufficient. In the high case in Table 5, Di is multiplied by HIF to account for the increased 
depletion caused by the accelerated production. Using the DCH formula, predictions for well 1 
and well 3 are calculated and shown in figures 3 and 4. The results obtained for wells 1 and 3 
show acceptable and reasonable matches between the DCH prediction and the historical 
production data for cases where the performance of the well is significantly affected by its 
heterogeneity. 
The proceeding phases of this field development can also be predicted faster by the DCH method 
than the high-powered numerical simulation. For example, in the next phase of this field 
development, another well was drilled and fractured. Although this well has production data for a 
short period (only 30 months) an attempt was made to compare the DCH prediction with the real 
production data. Table 6 shows the results of the well test and net pressure match analysis for 
this well. A quantitative comparison of the cumulative productions from DCH and numerical 
simulation using Eclipse is another indicator of the DCH prediction suitability. In this case, there 
was a negligible difference of about 3% between cumulative gas production predictions of the 
two predictors (Table 6 and Fig. 6). 
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The DCH method is much faster both in terms of modelling preparation and simulation runtime 
than conventional 3D modelling methodologies (See Table 8). The fact that HIF is the only key 
parameter representing the heterogeneity impact, makes it very easy to run different scenarios 
and generate production profiles for uncertainty analysis. 
HIF represents the influence of heterogeneity on well performance. A positive HIF value means 
well test interpretation exhibits presence of extra supports for production, considering the fact 
that well test reflects the overall remoter behaviour of well-reservoir interaction compared to net-
pressure-match result which is at the proximity of the well-fractures. Negative HIF displays 
lower support for well production due to heterogeneity. Thus, an attempt has been made to 
explore the relationship between the matched DCA parameters and HIF for the observed data of 
different wells.  
The higher HIF corresponds to higher than expected observed initial production rates, and the 
data shows a direct proportion to WTA/NPM ratio. For a negative HIF, just multiplying DCA’s 
initial production rate of base case by the WTA/NPM ratio led to a match of the corresponding 
well behaviour. For positive cases, this is more complicated as the depletion effect should be 
considered as well. When the initial rate is higher, the depletion is accelerated, and a faster 
decline is expected due to higher cumulative production. Hence, the DCA decline factor is also 
multiplied by the WTA/NPM ratio. This could match the well behaviour for positive HIF cases. 
Based on the well production data, DCH has been developed, and then the data for well 4, which 
has been drilled and completed in the proceeding phase of development, has been tested to see if 
DCH exhibits a reasonable match. It appeared that cumulative production data of well 4 is only 
3% different from the corresponding numerical simulation results which are assumed as 
reference for comparison with the DCH results.  
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It should be noted that the objective this approach is to have a faster method to capture a wider 
range of production forecasts in order to model the massive uncertainty of well production 
forecasting due to heterogeneity for undrilled wells and lay the foundation for such works. For 
this objective, a higher degree of error is acceptable as the general pattern of hundreds of 
forecasts shall remain quite unaffected due to slight over- or under-predictions. The proposed 
DCH approach is recommended based on observed field data in tight sand reservoirs and it is 
esteemed that more research can be exercised to extend the idea for the other type of formations 
such as shale reservoirs where the influence of transient behaviour is dominant. 
It is worth mentioning that the detailed physics for interaction of induced fractures with existing 
natural fractures are not modelled as conventional simulation techniques such as finite difference 
applied here does not cover such details. The overall behaviour of the wells, though, has been 
modelled, because historical data was available. The hydraulic fracture and matrix properties 
have been tuned slightly to capture the overall behaviour and match the well performance. This 
has no effect on the results because of the order of details. 
CONCLUSIONS 
The proposed DCH approach provides a sufficiently representative trend of the production 
performance of the wells, and as such can be used to forecast and make future decisions via a 
fully empirical method that abstains from costly and time-consuming numerical simulations. The 
accuracy is apparent in the similarity between the DCH predictions with Eclipse predictions for 
the gas production rate. In these estimations, the DCH prediction deviates by a maximum of 15% 
from predictions of numerical simulation using Eclipse. This margin of error is reasonable in 
comparison to the substantial reduction of lengthy simulation procedures.  Given a larger 
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quantity of information, the algorithms can be tuned to act more robustly by considering more 
parameters when modelling the heterogeneity of the reservoirs. 
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NOMENCLATURE  
b Scaling constant in decline curve analysis 
DCA Decline Curve Analysis 
DCH Decline Curve including Heterogeneity 
Di Scaling constant in decline curve analysis 
Dmi Modified decline constant taking into account Hr 
FDFN Fractal Discrete Fracture Network  
Hr Heterogeneity ratio 
k Permeability 
Kf.w  Connectivity of hydraulic fracture 
m Number of hydraulic fractures that are executed during hydraulic fracture operation 
mD Milli darcy 
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MMSFD Million standard cubic feet per day 
MSCFD Thousands standard cubic feet per day 
n Number of hydraulic fractures that are assumed for well test match 
NPM Net Pressure Match 
qDCH(t) flow rate considering heterogeneity impact at time t 
qmi modified initial rate taking into account Hr 
S Skin 
SC Surface Conductivity 
w Fracture width 
WTA Well Test Analysis 
xf Fracture half-length 
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Table 1. DCH parameters and formula 
 
Table 2. Well test analysis per well 
Well 
Kf.w (Frac) 
mD.ft 
Number of 
Fractures 
Fracture Half 
Length (ft) 
Fracture Height 
(ft) 
1 1000 4 200 250 
2 500 3 200 250 
3 2500 4 300 250 
 
Table 3. Net pressure match per fracture 
Well Kf.w (Frac) mD.ft Fracture Half Length (ft) Fracture Height (ft) 
1 
632 175 75 
403 210 250 
2169 350 150 
2106 220 230 
2008 15`0 220 
2 
195 200 60 
353 150 110 
1227 252 198 
463 320 160 
1102 260 140 
3 
1088 220 230 
3099 200 220 
1596 200 120 
DCH 
Parameters 
Fitted curve 
parameters as 
Reference 
Formula for Low 
Case (if HIF<1) 
Formula for High 
Case (if HIF>1) 
Modified Dmi Di Di Di*HIF 
Modified qmi qi qi*HIF qi*HIF 
b b b b 
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1840 250 180 
2478 200 240 
 
Table 4. Heterogeneity ratio for each well 
Well HIF 
1 0.63 
2 1.04 
3 1.74 
 
 
 
Table 5. DCH Calculation for wells 1, 2 and 3 
 
 
 
Table 6. The well test and net pressure match analysis results for Well #4 DCH calculation 
Well test analysis for well #4 Net pressure match per fracture 
Kf.w (Frac) 
mD.ft 
No. of 
Fractures 
Fracture 
Half Length 
(ft) 
Fracture 
Height (ft) 
Fracture 
Half Length 
(ft) 
Fracture 
Height (ft) 
Kf.w (Frac) 
mD.ft 
1220 3 202 150 
420 150 2489 
350 180 1512 
DCH 
Parameters 
Fitted curve 
parameters as 
Reference 
Formula for Low 
Case HIF=0.63 
Formula for High 
Case HIFr=1.74 
Modified Dmi Di=4.20% Di=4.20% Di*HIF=7.31% 
Modified qmi qi=25000 MSCFD 
qi*HIF=15750 
MSCFD 
qi*HIF=43500 
MSCFD 
b b=0.70 b=0.70 b=0.70 
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580 115 601 
425 130 453 
 
 
 
Table 7. Cumulative gas production of the predictors and the difference 
Predictions Well 1 Well 2 Well 3 Well 4 
Cumulative Gas Production DCH (Bcf) 18.3 29.5 34.7 10.3 
Cumulative Gas Production Eclipse (Bcf) 15.5 28.3 32.5 10.6 
Difference (%) 15% 4% 6% -3% 
 
 
Table 8. Comparison of the timing for DCH versus a conventional methodology 
Activities Time 
DCH study and modelling preparation 2 weeks 
DCH run time <1 second 
3D modelling preparation 4 months 
Eclipse run time 3 hours 
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Figure 6. DCH Cumulative gas production versus Eclipse predictions 
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